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REDUCED FREE-CHARGE CARRIER
LIFETIME DEVICEL

BACKGROUND OF THE INVENTION

Insulated-Gate Bipolar Transistors (IGBTs) are three-ter-
minal power semiconductor devices that combine the gate-
drive characteristics of a Metal Oxide Semiconductor Field-
Effect Transistor (MOSFET) with the high-current and low-
saturation-voltage capability of a bipolar transistor. Modern
IGBT devices are formed by integrating a FE'T and a bipolar
power transistor on the same silicon die. The FET functions as
a control input while the bipolar power transistor 1s used as a
switch. IGBTs efficiently switch electric power 1n many
applications such as electric motors, variable speed refrigera-
tors, air-conditioners, etc. However, these applications have
considerably high inductive loads which can cause current to
flow 1n a reverse direction of the switch. I1 this reverse current
1s commutated into the IGBT, the device will be destroyed.

Theretore, diodes can be used to conduct this reverse current

—

and thereby protect the IGBT.

One technique to enable the IGBT to conduct the reverse
current 1s to integrate a freewheeling diode into the IGBT
device. The collector electrode of the IGBT 1s divided into
different regions of n and p-type material. The p-type regions
torm the IGBT collector. The n-type regions, in conjunction
with the n-type driit zone of the IGBT device, form a free-
wheeling diode with the p-body and a heavily doped p-type
anti-latchup region of the IGBT device.

Integrating a freewheeling diode with an IGBT device
creates some problematic conditions. Mainly, power contin-
ues to dissipate 1 a freewheeling diode 1n conduction mode
and even after 1t has been reverse biased. Current will con-
tinue to flow until the diode reaches a steady-state reverse bias
condition. The condition when the diode changes from for-
ward conduction to blocking 1s commonly referred to as
reverse recovery. The Reverse Recovery Charge (RRC)
causes the mtegrated freewheeling diode to incur electrical
losses. These electrical losses increase when the diode 1s
integrated 1n the IGBT. Some applications cannot tolerate the
resulting elevated temperature and/or power conditions. In
addition, the elevated temperature and power consumption
reduces the lifetime of the IGBT.

Electrical losses caused by integrating a Ifreewheeling
diode with an IGBT device can be lowered by reducing the
RRC of the diode. Diode RRC can be lowered by reducing the
concentration of free-charge carriers within the IGBT device
in diode mode. Most free-charge carriers originate within the
IGBT device from the highly doped anti-latchup p-type
region of the device. This highly doped region 1njects free-
charge carriers into the drift zone of the IGB'T device 1in diode
mode. Accordingly, the diode RCC can be reduced by lower-
ing the doping concentration of the highly doped anti-latchup
p-type region. However, this significantly reduces the latch-
up robustness of the IGBT device and 1s not a practical solu-
tion for most IGBT applications because IGBT performance
degrades.

Some conventional approaches involve forming a single or
local reduced charge-carrier lifetime region in the drift zone
of the IGBT device. This single region must have a very low
charge carrier lifetime to suificiently reduce the RCC of the
freewheeling diode integrated with the IGBT device. A single
reduced charge-carrier lifetime region 1s typically formed by
irradiating either the front or back side of the water on which
the IGBT device and freewheeling diode are fabricated. The
irradiation treatment may result 1n two zones being formed
within the single reduced charge-carrier lifetime region. One
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zone has a charge carrier lifetime that 1s higher than that of the
second zone, but lower than that of the non-irradiated part of
the IGBT drift zone. However, the single region must still
have a very low charge carrier lifetime to be effective at
reducing diode RRC. Forming a very low charge carrier life-
time region in the drift zone of an IGBT increases the V ...
(collector-to-emitter saturation voltage) of the IGBT and also
leakage current during blocking mode. Moreover, the circuit
designer must still trade-off between high emitter efficiency
and low diode RRC. Forming a single reduced charge-carrier
lifetime region conventionally yields a stored charge that 1s at

least three times higher than that of a single non-freewheeling
diode.

SUMMARY OF THE INVENTION

According to one embodiment, a semiconductor device an
insulated-gate bipolar transistor having a body region of a
first conductivity type, a gate arranged adjacent the body
region, a first highly-doped contact region of the first conduc-
tivity type arranged in the body region and 1n contact with a
top contact layer, a drift zone of a second conductivity type
arranged below the body region, and a second highly-doped
contact region of the first conductivity type arranged between
the drift zone and a bottom contact layer. The device also
comprises a diode having an anode at least partially formed
by the body region and a cathode at least partially formed by
one or more regions of the second conductivity type formed in
the second highly-doped contact region. An irradiation zone
1s formed 1n the drift zone. The irradiation zone comprises at
least two end of range regions and a reduced charge carrier
lifetime region arranged between adjacent end of range
regions and between a surface of the driit zone through which
the 1rradiation zone 1s formed and the end of range region
nearest the surface, wherein the reduced charge carrier life-
time regions and the end of range regions each have a charge
carrier lifetime lower than that of a non-irradiated region of
the drift zone.

Of course, the present invention 1s not limited to the above
features and advantages. Those skilled 1n the art will recog-
nize additional features and advantages upon reading the
following detailed description, and upon viewing the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

FIG. 21s a plot diagram illustrating a charge carrier lifetime
profile associated with the device of FIG. 1.

FIG. 31s a plot diagram illustrating a charge carrier lifetime
profile associated with the device of FIG. 1.

FIG. 4 1s a plot diagram 1llustrating various charge carrier
concentration distributions.

FIG. 5 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an irradia-
tion zone formed by multiple irradiation treatments.

FIG. 6 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

FIG. 7 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

FIG. 81s a plot diagram illustrating a charge carrier lifetime
profile associated with the device of FIG. 7.
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FIG. 9 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

FIG. 10 1s a block diagram of an embodiment of a power
semiconductor device including an IGBT having an irradia-
tion zone formed by multiple irradiation treatments.

FIG. 11 15 a block diagram of an embodiment of a power
semiconductor device including an IGBT having an irradia-
tion zone formed by multiple irradiation treatments.

FI1G. 12 15 a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

FIG. 13 15 a block diagram of an embodiment of a power
semiconductor device including an IGBT having an 1rradia-
tion zone formed by multiple irradiation treatments.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 illustrates an embodiment of a power semiconduc-
tor device 100 after at least two 1rradiation treatments. Device
100 includes an Insulated-Gate Bipolar Transistor (IGBT)
integrated with a freewheeling diode, together referred to

herein as a reverse conducting IGBT (RC-IGBT). The IGBT

has a body region 105 of a first conductivity type, e.g., p-type.
The body region 105 includes a source region 110 of the
opposite conductivity type (e.g., n-type) and a channel. A
heavily doped p-type anti-latchup region 115 1s arranged in
the body region 105 between the source regions 110 and in
contact with an emitter contact layer 120. A gate 125 1is
arranged adjacent the channel and 1s separated from the chan-
nel and emitter contact layer 120 by an oxide layer 130. The
IGBT also has an n-type drift zone 135 arranged below the
body region 105. A p+ collector contact region 140 1s
arranged between the drift zone 135 and a collector contact
layer 145, completing the IGBT.

The freewheeling diode integrated with the IGBT has an
anode at least partially formed by the body region 105 and the
p+ anti-latchup region 115 of the IGBT. The cathode of the
freewheeling diode 1s at least partially formed by one or more
n-type regions 150 formed in the p+ doped collector contact
region 140. However, unless the RRC of the freewheeling
diode 1s reduced, the diode may adversely affect IGBT per-
formance.

To this end, an 1rradiation zone 160 1s formed 1n the drift
zone 135 by wrradiating the drift zone 135 with at least two
irradiation treatments of differing energy levels. In one
embodiment, the drift zone 135 1s irradiated with protons. In
another embodiment, the drift zone 135 1s irradiated with
helium atoms. Regardless, the irradiation zone 160 has an
overall charge carrier lifetime lower than that of the drift zone
135 to reduce diode RRC. In one embodiment, the first irra-
diation treatment applied to the driit zone 135 1s performed at
an energy level greater than that of the subsequent irradiation
treatment(s). Irradiating the drift zone 135 at two (or more)
different energy levels yields at least two end of range regions
162, 166.

Each end of range region 162, 166 1s formed 1n the drit
zone 1335 at a depth corresponding to the energy level of the
respective rrradiation treatments. FIG. 1 shows a first end of
range region 162 formed at a depth a and a second end of
range region 166 formed at a depth b. The first end of range
region 162 1s formed at a high energy level and is located
turthest from the 1rradiated surface (e.g., the bottom surface
of the device 100 1n this embodiment). The second end of
range region 166 1s formed at a lower energy level, and thus 1s
located closer to the 1rradiated surface. Other end of range
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4

regions (not shown) may be formed by 1rradiating the drift
zone 135 with additional treatments.

The 1rradiation zone 160 also includes a reduced charge
carrier concentration region arranged between adjacent end
of range regions and between the surface of the drift zone 135
through which the 1rradiation zone 160 1s formed and the end
of range region nearest the 1rradiated surface. In FIG. 1, a first
reduced charge carrier concentration region 164 1s arranged
between the first and second end of range regions 162, 166. A
second reduced charge carrier concentration region 168 1s
arranged between the irradiated surface and the end of range
region 166 nearest the irradiated surface. The reduced charge
carrier concentration region 164 furthest from the 1rradiated
surface 1s 1rradiated once (during the first irradiation treat-
ment) while the other reduced charge carrier concentration
region 168 is irradiated twice (during both the first and second
irradiation treatments). Thus, the end of range region 162
furthest from the 1rradiated surface has a charge carrier life-
time much lower than that of the non-irradiated part of the
drift zone 135 and which corresponds to the energy level
(depth) and dose (carrier lifetime) of the first irradiation treat-
ment as shown 1n FIG. 2. The end of range region 166 nearest
the 1rradiated surface also has a charge carrier lifetime much
lower than that of the non-1rradiated part of the driit zone 135
and which corresponds to the energy level (depth) and dose
(carrier lifetime) of both the first and second 1rradiation treat-
ments as shown in FIG. 2.

The reduced charge carrier concentration region 164 fur-
thest from the wrradiated surface has a relatively constant
charge carrier lifetime greater than that of the end of range
region 162 furthest from the 1rradiated surface and less than
that of the drift zone 135, as shown 1n FIG. 2. In one embodi-
ment, the charge carrier reduction 1n region 164 of the 1rra-
diation zone 160 1s approximately 5% to 20% of that in the
end of range region 162 furthest from the 1rradiated surface.
The charge carrier reduction 1n the reduced charge carrier
concentration region 168 nearest the irradiated surface is
approximately 5% to 20% of end of range region 162 and
approximately 5% to 20% of end of range region 166 because
region 168 1s wrradiated twice. Additional irradiation treat-
ments may be applied to the drift zone 135, yielding addi-
tional end of range regions (not shown) and additional
reduced charge carrier concentration regions (also not shown)
cach having different carrier lifetime reductions correspond-
ing to the energy levels and irradiation doses of the respective
additional irradiation treatments. FIG. 3 illustrates another
embodiment 1n which the charge carrier lifetime of end of
range region 162 1s higher than that of end of range region
166. Generally, a greater charge carrier reduction 1s realized
nearer regions 105 and 115 of the device 100, resulting 1n a
suitable RCC of the freewheeling diode even at high diode
p-emitter eificiency.

FIG. 4 1llustrates how the 1rradiation zone 160 formed 1n
the power semiconductor device 100 maintains high emitter
eificiency while reducing diode RRC as a function of charge
carrier lifetime. The x-axis represents vertical depth from the
device emitter (1.e., IGBT cathode and diode anode) to the
device collector (1.e., IGBT anode and diode cathode). The
y-axis represents charge carrier concentration of the device
100 1n diode mode (1.e., reverse conduction mode). FIG. 4
shows how carrier concentration changes as a function of
vertical depth for four different types of semiconductor
devices operating 1n diode mode. The area under each curve
represents the RRC of the diode. Diode RRC 1s influenced by
p-emitter elliciency, charge carrier lifetime, current density,
temperature, n-emitter etficiency, etc. Curve 400 shows the
carrier concentration of an IGB'T without any charge carrier
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lifetime reduction regions. Curve 420 shows the same device
after a single wrradiation treatment. Curve 430 shows the
power device 100 after at least two 1rradiation treatments
according to the various embodiments disclosed herein. For
comparison, curve 410 shows the carrier concentration of a
single discrete freewheeling diode with a homogeneously-
reduced lifetime and lower p-emuitter efficiency.

The 1rradiation zone 160 reduces the overtlow of charge
carriers on the front side of the RC-IGBT 100 more than on
the back side while 1n IGBT conduction mode. For example,
consider a conventional 600 V RC-IGBT after one or no
irradiation treatments. Charge carrier overtlow at the location
of lowest overflow, which 1s the location with the highest
impact on the forward voltage, 1s not further reduced for such
a conventional RC-IGBT device. To the contrary, the various
embodiments described herein provide a first irradiation
treatment having an intensity that yields a high charge carrier
lifetime reduction end of range region 162 near the front side
p-n junction of the RC-IGBT. A second irradiation treatment
of a lower intensity ail

ects the charge carrier lifetime 1n the
middle of the drift zone 135 or even near the device collector.
Thus, the charge carrier concentration near the device collec-
tor can be suiliciently increased while still reducing the RRC
of the freewheeling diode. This way, a suificient IGBT col-
lector-emitter saturation voltage (Vce) can be maintained
while still reducing the diode RRC. Furthermore, a higher
overall charge carrier lifetime 1s provided by applying at least
two 1rradiation treatments to the device 100 instead of a single
irradiation treatment or no treatment at all, lowering leakage
current during blocking mode.

The irradiation dose and energy determines the vertical
depth and charge carner lifetime of the different regions
162-168 of the 1rradiation zone 160. In one embodiment, the
end of range region 162 furthest from the 1irradiated surface 1s
located approximately a=10 um below the upper surface of
the drift zone 135 and approximately 4-8 um below the p-n
junction formed between the body region 1035 and driit zone
135. The end of range region 166 nearest the 1rradiated sur-
face 1s located, e.g. at approximately half the thickness of the
device 100.

Moreover, the end of range region 162 furthest from the
irradiated surface can be produced with a proton dose of
approximately 10" to 10'* cm™~. The end of range region 166
nearest the 1rradiated surface can be formed by 1irradiating the
power device 100 with approximately 25%-50% of the dose
used to form the other end of range region 162. This way, the
RRC of the freewheeling diode 1s reduced without adversely
alfecting the voltage drop 1n IGBT mode too much. Reduced
charge carrier concentration region 164 has a reduction of the
carrier lifetime of 5-20% of that 1n the end of range region
162. Reduced charge carrier concentration region 168 has a
reduction of the carrier lifetime of 5-20% of that in the end of
range region 162 plus a further reduction of the carrier life-
time of 5-20% of that 1n the end of range region 166, because
it 1s irradiated twice. When helium irradiation 1s used 1in place
of proton irradiation, the doses identified immediately above
can be reduced by approximately 90%.

FIG. S 1llustrates another embodiment of a power semicon-
ductor device 500. According to this embodiment, the driit
zone 135 1s irradiated from the upper surface of the device 500
instead of from the lower surface to form an irradiation zone
560. The wrradiation zone 560 includes a first end of range
region 562 and a first reduced charge carrier concentration
region 564 formed furthest from the irradiated upper surface
of the device 500 during a first wrradiation treatment. The
irradiation zone 560 further includes a second end of range
region 366 and a second reduced charge carrier concentration
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region 568 formed nearer to the irradiated surface during a
second 1rradiation treatment. The device 500 may be sub-
jected to additional irradiation treatments to form more
reduced charge carrier concentration regions in the drift zone
135. The second end of range region 566 may be treated with
an itensity of 25%-50% of the intensity used to form the first
end of range region 562 as mentioned above. However, any
other percentage may apply. Furthermore, the second end of
range region 166 may also have a higher dose than the first
end of range region 562. Thus, a reverse order 1n the location
of the charge carrier lifetime minima may apply.

FIG. 6 1llustrates yet another embodiment of a power semi-
conductor device 600 in which the charge carrier lifetime
reduction 1s performed only 1n the region of the drift zone 135
where the freewheeling diode 1s active. In this embodiment,
during the 1rradiation treatment steps, a mask (not shown) 1s
used to reduce the charge carrier lifetime of the drift zone 135
only 1n the approximate region in which the diode will be
active. Particularly, the area of the regions 662, 664, 666, 668
of the wrradiation zone 660 1s approximately limited to the
area within the drift zone 1335 covered by the n+ regions 150
formed 1n the p+ collector contact region 140. Furthermore,
the n+ regions 150 can cover a multiplicity of transistor cells
with gate 125 and body region 105. There may be regions of
other IGBTs without corresponding n+ regions 123 formed 1n
the p+ collector contact region 140, 1.e. without a freewheel-
ing diode. In one embodiment, the irradiation treatment 1s
masked 1n these regions.

FIG. 7 shows still another embodiment of a power semi-
conductor device 700 subjected to four 1rradiation treatments,
yielding an 1rradiation zone 760 having four end of range
regions 772, 776, 780 and 784. A reduced charge carrier
concentration region 1s arranged between adjacent end of
range regions and between the irradiated surface (e.g., the
bottom surface of the device 700 1n this embodiment) and the
end of range region 784 nearest the 1rradiated surface. Par-
ticularly, a first reduced charge carrier concentration region
774 1s arranged between the two end of range regions 772 and
776 furthest from the 1rradiated surface and is irradiated only
once. A second reduced charge carrier concentration region
778 1s arranged between the next two adjacent end of range
regions 776 and 780 and 1s 1rradiated twice. A third reduced
charge carrier concentration region 782 1s similarly arranged
between end of range regions 780 and 784 and 1s 1rradiated
three times. The reduced charge carrier concentration region
786 nearest the 1rradiated surface 1s arranged between the
irradiated surface and the end of range region 784 nearest the
irradiated surface. The regions 772-786 are consecutively
arranged across the vertical depth of the drniit zone 135,
respectively. FIG. 8 shows an example of an associated
charge carrier lifetime distribution for the different regions
772-786 of the power semiconductor device 700.

FIG. 9 1llustrates an embodiment of a power semiconduc-
tor device 900 having a field stop zone 910 arranged between
the reduced charge carrier concentration region 168 nearest
the irradiated surtace (e.g., the bottom surface of the device
900 1n this embodiment) and the p+ doped collector contact
region 140. In one embodiment, the field stop zone 910 1s 1n
contact with the bottommost reduced charge carrier concen-
tration region 168. The field stop zone 910 has a higher
doping than that of the drift zone 135 and prevents the electric
field that builds up during the blocking state from reaching the
p+ doped collector contact region 140. Accordingly, the sub-
strate thickness may be reduced. The high amount of charge
stored by the freewheeling diode 1s compensated for by
reducing the substrate thickness and by reducing the charge
carrier lifetime of the drift zone 135 as described herein.
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In one embodiment, the field stop zone 910 1s created
performing one or more proton irradiation steps from the
substrate back side followed by a heat treatment between
approximately 300-500° C. The heat treatment temperature
range may be selected so that the proton irradiation has a
doping effect 1n the form of donators as well as a charge
carrier lifetime reduction. The recombination centers created
by the heat treatment yield a desirable curvature/bending of
the charge carrier profile wherein the selection of the profile
of the field stop zone 910 allows for a reduction of the sub-
strate thickness on one hand a soit diode turn-oif behavior
when commutating on the other hand. This particularly holds
true when multiple proton implantations are performed from
the substrate back side. In another embodiment, a single or
multiple proton implantation 1s performed followed by
annealing at a temperature 11 to generate the field stop zone
910. Next, one or more additional proton implantations are
performed followed by a second annealing at a temperature
12 to create a recombination profile. In one embodiment, T1
1s greater than T2.

Moreover, the diodes formed 1n part by the n+ regions 150
formed in the p+ collector contact region 140 may be
arranged within a device with multiple transistor cells such
that the effective diode area does not overlap with an edge
termination structure (not shown). This arrangement prevents
clectron-hole plasma from occurring below the edge termi-
nation structure. Thus, an accumulation of holes beneath the
edge termination structure 1s avoided when the freewheeling
diode turns oif

, which would otherwise limit the safe operat-
ing area of the device 900 at high turn-ofl current.

The field stop zone 910 may be a continuous layer as shown
in FIG. 9. Alternatively, one or more laterally-limited zones
1010 of p-type material can be interspersed throughout the
field stop zone 910 as shown i1n FIG. 10. Each laterally-
limited p-type zone 1010 is arranged above and 1n contact
with one of the n+ regions 150 formed in the p+ collector
contact region 140 as shown for example 1n FIG 10. This
arrangement provides a reduction of the emitter efficiency of
the n+ regions 125, reducing the RRC. Nevertheless the diode
soltness will be improved. However, the emitter efficiency
cannot be reduced without limit via the n implantation dose
because a surface concentration of at least 5:10"” ¢cm™ is
desired to form an ohmic contact. The laterally-limited p-type
zones 1010 also lead to the creation of electron-hole pairs by
avalanche multiplication at the p-n junction when the electric
field 1s high. These additionally generated charges can cause
a continuing current flow and a soit commutation behavior,
wherein otherwise the depletion of stored charge would lead
to a current tear-oif.

FIG. 11 1llustrates yet another embodiment of a power
semiconductor device 1100 where a metal layer 1110 1s
tormed on top of at least the front side and/or the back side of
the device. According to one embodiment, the metal layer
1110 1s a copper layer which 1s relatively thick, for example
20 um 1 one embodiment. However, other metals can be
used. In one embodiment, the metal layer 1s formed from any
metal having a specific heat capacity at least approximately 24
that of copper. The thickness of each copperlayer 1110 can be
selected such that they serve not only as a mere metallization
layer but also provide a sufficiently large heat capacity. Thus,
the heat capacity could be at least 10% of the heat capacity of
the silicon within the device 1100. The emuitter contact layer
120 can also be part of the top copper layer 1110.

Forming the metal layer 1110 on top of at least the front
side and/or the back side of the device 1100 provides for a
very homogeneous current imprint, particularly for high cur-
rent loads such as a surge current or a shorting of the IGBT.
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Moreover, the high heat capacity of the metal layer(s) 1110
allows for a temporary storage of dissipated energy. Thus,
higher energy 1s needed to damage or destroy the power
device 1100 after termination of a short circuit pulse. This
increases the number of applications for which the power
device 1100 may be used.

FIG. 12 shows another embodiment of a power semicon-
ductor device 1200 with a step-less reduced charge carrier
concentration region 1210 formed in the drift zone 135. The
region 1210 1s step-less 1n that abrupt changes in charge
carrier lifetime are not present in the region 1210. Instead, the
step-less region 1210 has a continuously increasing charge
carrier lifetime 1n the vertical direction indicated by line X.
Charge carrier lifetime reduction 1s most prevalent near the
p-n junction formed between the body region 105 and drift
zone 135, gradually increasing 1n the vertical direction head-
ing toward the device collector. This way, diode RRC 1s
reduced without adversely affecting emitter efficiency as pre-
viously described herein. The step-less region 1210 may be
formed 1n approximation by a plurality of local charge carrier
reductions or a gradual or stepwise decrease 1n 1rradiation
energy. The dashed line in FIG. 8 shows an example of a
corresponding charge carrier lifetime profile.

FIG. 13 shows another embodiment of a power semicon-
ductor device 1300 1n which local charge carrier reduction
regions 1310, 1320 near the front-side p-n junction side are
combined with a step-less reduced charge carrier concentra-
tion region 1330. Step-less region 1330 can again be created
by multiple regions as discussed above. This embodiment
approaches the characteristic profile of a diode with homo-
geneous distribution of charge carrier lifetime for an RC-
IGBT when 1n diode mode despite the strong emitter created
by p+ region 115. Depending on the location of the step-less
reduced charge carrier concentration region 1330, any suit-
able diode profile having a homogeneous charge carrier life-
time distribution can be approached.

With the above range of vanations and applications 1n
mind, 1t should be understood that the present invention 1s not
limited by the foregoing description, nor 1s it limited by the
accompanying drawings. Instead, the present invention 1s
limited only by the following claims and their legal equiva-
lents.

What 1s claimed 1s:

1. A semiconductor device, comprising;

an insulated-gate bipolar transistor having a body region of
a first conductivity type, a gate arranged adjacent the
body region, a first highly-doped contact region of the
first conductivity type arranged 1n the body region and 1n
contact with a top contact layer, a driit zone of a second
conductivity type arranged below the body region, and a
second highly-doped contact region of the first conduc-
tivity type arranged between the drift zone and a bottom
contact layer;

a diode having an anode at least partially formed by the
body region and a cathode at least partially formed by
one or more regions of the second conductivity type
formed 1n the second highly-doped contact region; and

an 1rradiation zone formed 1n the drift zone, the irradiation
zone comprising at least two end of range regions and a
reduced charge carrier lifetime region arranged between
adjacent end of range regions and between a surface of
the drift zone through which the irradiation zone 1s
formed and the end of range region nearest the surface,
wherein the reduced charge carrier lifetime regions and
the end of range regions each have a charge carrier
lifetime lower than that of a non-1rradiated region of the
driit zone.




US 7,932,583 B2

9

2. The semiconductor device of claim 1, wherein the charge
carrier lifetime of the end of range region arranged closest to
the body region 1s lower than the charge carrier lifetime of the
end of range region arranged closest to the second highly-
doped contact region. d

3. The semiconductor device of claim 2, wherein the charge
carrier lifetime of the end of range region arranged closest to
the body region 1s approximately the same as the charge
carrier lifetime of the end of range region arranged closest to
the second highly-doped contact region.

4. The semiconductor device of claim 2, wherein the charge
carrier lifetime of the reduced charge carrier concentration
region arranged closest to the body region 1s higher than the
charge carrier lifetime of the reduced charge carrier concen-
tration region arranged closest to the second highly-doped
contact region.

5. The semiconductor device of claim 1, wherein the charge
carrier lifetime of the end of range region arranged closest to
the body region 1s higher than the charge carrier lifetime of the 20
end of range region arranged closest to the second highly-
doped contact region.

6. The semiconductor device of claim 5, wherein the charge
carrier lifetime of the reduced charge carrier concentration
region arranged closest to the body region 1s higher than the 25
charge carrier lifetime of the reduced charge carrier concen-
tration region arranged closest to the second highly-doped
contact region.

7. The semiconductor device of claim 1, wherein the 1rra-
diation zone 1s limited to an area approximately within the 30
driit zone where the diode 1s active.

8. The semiconductor device of claim 7, wherein the one or
more regions of the second conductivity type formed 1n the
second highly-doped contact region are limited to an area
approximately within the second highly-doped contactregion 35
covered by the 1rradiation zone.

9. The semiconductor device of claim 1, further comprising,

a field stop zone of the second conductivity type arranged
between the second highly-doped contact region and the end

of range region arranged closest to the second highly-doped 40
contact region.

10. The semiconductor device of claim 9, further compris-
ing one or more laterally-limited zones of the first conductiv-
ity type embedded 1n the field stop zone over each region of
the second conductivity type formed 1n the second highly- 45
doped contact region.

11. A semiconductor device, comprising:

an 1nsulated-gate bipolar transistor having a body region of
a first conductivity type, a gate arranged adjacent the
body region, a first highly-doped contact region of the 50
first conductivity type arranged 1n the body region and 1n
contact with a top contact layer, a driit zone of a second
conductivity type arranged below the body region, and a
second highly-doped contact region of the first conduc-
tivity type arranged between the drift zone and a bottom 55
contact layer;

a diode having an anode at least partially formed by the
body region and a cathode at least partially formed by
one or more regions of the second conductivity type
formed in the second highly-doped contact region; 60

a first end of range 1rradiation region formed 1n the drnit
zone below the body region;

a second end of range 1rradiation region formed 1n the drnit
zone below the first end of range 1rradiation region;

a first reduced charge carrier concentration region formed 65
in the drift zone between the first and second end of

range 1rradiation regions;
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a second reduced charge carrier concentration region
formed between a surface of the drift zone through
which the end of range 1rradiation regions are formed
and the end of range region nearest the surface; and

wherein the end of range irradiation regions and the
reduced charge carrier concentration regions each have a
charge carrier lifetime lower than a charge carrier life-
time of a non-irradiated region of the drift zone.

12. A method of fabricating a semiconductor device, com-

prising:

forming within a semiconductor substrate an insulated-
gate bipolar transistor having a body region of a first
conductivity type, a gate arranged adjacent the body
region, a first highly-doped contact region of the first
conductivity type arranged in the body region and 1n
contact with a top contact layer, a driit zone of a second
conductivity type arranged below the body region, and a
second highly-doped contact region of the first conduc-
tivity type arranged between the driit zone and a bottom
contact layer;

forming a diode having an anode at least partially formed
by the body region and a cathode at least partially
formed by one or more regions of the second conductiv-
ity type formed in the second highly-doped contact
region; and

irradiating the drift zone to form at least two end of range
regions 1n the drift zone and a reduced charge carrier
lifetime region arranged between adjacent end of range
regions and between a surface of the drift zone through
which the drift zone 1s irradiated and the end of range
region nearest the surface, wherein the reduced charge
carrier lifetime regions and the end of range regions each
have a charge carrier lifetime lower than that of a non-
irradiated region of the drift zone.

13. The method of claim 12, wherein irradiating the drift

ZONE COMprises:

irradiating a back side of the semiconductor substrate to
form one of the end of range regions 1n the drift zone
closest to the body; and

irradiating the back side of the semiconductor substrate to
form a different one of the end of range regions in the
driit zone closest to the second highly-doped contact
region.

14. The method of claim 12, wherein irradiating the drift

ZONE COMprises:

irradiating a front side of the semiconductor substrate to
form one of the end of range regions i1n the drift zone
closest to the body; and

irradiating the front side of the semiconductor substrate to
form a different one of the end of range regions 1n the
driit zone closest to the second highly-doped contact
region.

15. The method of claim 12, wherein irradiating the drift
zone comprises irradiating the semiconductor substrate so
that the charge carrier lifetime of the end of range region
arranged closest to the body region 1s lower than the charge
carrier lifetime of the end of range region arranged closest to
the second highly-doped contact region.

16. The method of claim 12, wherein 1rradiating the drift
zone comprises irradiating the semiconductor substrate so

that the charge carrier lifetime of the end of range region
arranged closest to the body region 1s higher than the charge
carrier lifetime of the end of range region arranged closest to
the second highly-doped contact region.
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17. The method of claim 12, further comprising forming a
field stop zone of the second conductivity type between the
second highly-doped contact region and the end of range
region arranged closest to the second highly-doped contact
region.

18. The method of claim 17, further comprising forming
one or more laterally-limited zones of the first conductivity
type 1n the field stop zone over each region of the second

12

conductivity type formed 1n the second highly-doped contact
region.
19. The method of claim 12, wherein irradiating the drift
zone comprises rradiating the drift zone 1n an area where the
5 diode 15 active.
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